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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
 316H stainless steel is widely used in high temperature components for advanced gas cooled reactors. Some plats 
have been de-rated to temperatures below the creep regime, due to the presence of creep damage in some 
components. However, such damaged or defected components must still satisfy structural integrity criteria for fatigue 
crack growth and fracture toughness behaviour. Therefore work has been performed to examine the fatigue and 
fracture toughness resistance of prior creep damaged material. A large block of material has been globally creep 
damaged (GCD) at 550 °C to the onset of tertiary creep behaviour. In this work, half sized compact tension C(T) 
specimens have been extracted from 316H blocks which were both pre-compressed and prior creep damaged at 
550 °C.  Fatigue crack growth and fracture toughness tests were subsequently performed on them. Note that prior to 
creep, this block was pre-compressed (PC) to 8% plastic strain at room temperature in order to work harden the 
material and limit the influence of crack tip plasticity in subsequent creep crack growth tests. The results, when 
compared to those previously obtained from as-received (AR), pre-compressed (PC) and locally creep damaged 
(LCD) standard sized C(T) s mpl s, show a  verall reduction of the fracture energy J. However, the global creep 
damage method does not troduce substantia  c anges on the fatigue crack growth b haviour of the material.  
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1. Introduction 
 Type 316H stainless steel (SS) is widely used in the UK's advanced gas cooled reactors (AGR) high temperature 
components. Such components may undergo inelastic damage, which is a combination of plastic strain and creep 
damage. The former may be introduced during the manufacturing process, while the latter is due to the components 
operation at sustained periods at stress and temperature. It is important to determine how inelastic damage may 
influence the structural integrity of high temperature components. Mehmanparast A. (2012) and Mehmanparast et al. 
(2010, 2013a) have therefore examined the influence of prior plastic and creep strain/damage on the fracture 
toughness and FCG behaviour of 316H SS. Tests were performed on as-received (AR) and uniformly pre-compressed 
(PC) material in addition to material that had uniformly pre-compressed and then locally creep damaged (LCD) 
through the interruption of a creep crack growth (CCG) test on a compact tension, C(T), specimen. A drop in the 
fracture toughness has been found as a result of the pre-compression process.  Tests on LCD samples showed lower 
fracture toughness (JIC) values compared to the PC material.  FCG tests show that the LCD had substantial effects on 
the initiation and early stages of the FCG behaviour of the material. However, the obtained da/dN vs ΔK trends were 
insensitive to the pre-compression process. According to Gan (1982), 316H SS shows a strong reduction in tensile 
strain at failure and a rapid drop in the fracture energy, when a moderate increase in the yield stress is provided. 
These observations are consistent with results given in Albertini and Montagnani (1990), and Mehmanparast et al. 
(2013b) on 316H SS. In this work the tensile creep and compressive plastic pre-straining effects on the fracture 
resistance and fatigue crack growth behaviour of 316H SS have been examined. 
 
2. Specimen Geometry and Manufacture 
 The influence of global creep damage on the FCG and fracture toughness behavior of type 316H stainless steel 
(taken from an ex-service steam header provided by EDF Energy) has been examined. The tensile and creep 
properties of the as-received (AR) and pre-compressed (PC) material have been previously characterised as detailed 
in Mehmanparast et al. (2013b). A large block of material, of dimensions 63.0×25.5×150.0 mm3, was uniformly crept 
at 550 °C and 300 MPa in order to introduce creep strain/damage into the material. The test was interrupted when an 
instantaneous creep strain rate of around twice the minimum creep strain rate was achieved in the block. Prior to 
creeping the sample, it was pre-compressed to 8% pre-compression plastic strain. Subsequently, standard sized (50 
mm width) C(T) fracture samples were extracted from the crept material, here denoted the globally creep damaged 
(GCD) samples. FCG and fracture toughness tests were then performed on these samples.  
Table 1. Fracture toughness and fatigue crack growth specimens’ dimensions 
Test ID Test 
Type 
W [mm] B [mm] Bn [mm] a0 / W 
CT25 – GCD1 FCG 25.0 12.0 9.0 0.40 
CT25 – GCD2 FCG 25.0 12.0 9.0 0.40 
CT25 – GCD3 FCG 25.0 12.0 9.0 0.40 
CT25 – GCD4 JIC 25.0 12.0 9.0 0.50 
CT25 – GCD5 JIC 25.0 12.0 9.0 0.50 
CT50 – AR1 
CT50 – AR2 
CT50 – PC1 
CT50 – PC2 
CT50 – LCD1 
CT50 – LCD2 
JIC  
JIC  
JIC  
JIC 
JIC 
JIC 
50.0 
50.0 
50.0 
50.0 
50.0 
50.0 
25.0 
25.0 
25.0 
25.0 
25.0 
25.0 
20.0 
20.0 
20.0 
20.0 
17.5 
17.5 
0.50 
0.50 
0.50 
0.50 
0.55 
0.55 
CT50 – GCD1 FCG 50.0 25.0 17.5 0.50 
CT50 – GCD2 FCG 50.0 25.0 17.5 0.50 
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 In this work, half sized C(T) samples (W = 25 mm) have been reconstituted from the broken half standard globally 
creep damaged C(T) samples to maximize the number of tests that can be performed on this material. Fracture 
toughness (JIC) and FCG tests have been performed on these half-sized samples. Table 1 summaries the dimensions 
of the half sized C(T) specimens examined here and the standard sized C(T) samples tested by Mehmanparast et al. 
(2012), where a0 is the initial crack length, W is the specimen width, B is the specimen’s thickness and Bn is the net 
thickness between the side-grooves. Note that all FCG and fracture toughness tests were performed at room 
temperature.  
The microstructure of the GCD material has been examined to assess the damaged state of the material. As shown in 
Figure 1, the sample’s surface shows evidence of intergranular creep damage in the form of voids and micro-cracks, 
as elongated intergranular black areas. Furthermore, some macro-cracks along the grain boundaries have been 
observed, as illustrated in Figure 2. Vickers hardness tests have also been performed on the GCD material.  
 
  
   Figure 1. Image of GCD material’s surface, taken from the optical 
microscope at 5� magnification. The elongated black areas along the 
grain boundaries represent creep damage. 
Figure 2. Image of the GCD material’s surface, taken from the optical 
microscope at 20� magnification. 
3. Fatigue Crack Growth Testing 
Room temperature fatigue crack growth (FCG) tests were performed following the ASTM E647 standard. To be 
consistent with the tests performed by Mehmanparast et al. (2012), all tests were conducted at the R-ratio of R	 �	 ��� 
and a frequency o f	 �	 ��	 ��. The fatigue crack growth is generally correlated with the stress intensity factor range, 
ΔK, and is described by the Paris’ law 
 
��
�� � ���
� (1) 
 
3.1 Fatigue Crack Growth Propagation Monitoring Technique 
 
Samples were initially pre-notched to an initial crack length a0 = 10 mm using an electro-discharge-machine (EDM). 
The unloading compliance technique was employed for measuring the instantaneous crack length during the FCG 
tests. The instantaneous crack length normalised by the specimen’s width W can be found by 
 
� �⁄ � � ������ � ������� � �������
�
�	�������� � �������� � ��������� (2) 
 
where a/W is the crack length normalised by the specimen’s width and µ is given by  
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where Ce is the elastic unloading compliance, Em is the effective Young modulus and Be is the effective thickness.  
 
4. Fracture Toughness Testing  
Room temperature fracture toughness (JIC) tests were performed on two GCD specimens. A single specimen 
approach was employed to quantify the fracture toughness of the material, following the ASTM E1820 standard. 
4.1 Pre-Fatigue Cracking 
 
Specimen were pre-fatigue cracked until a crack length normalized by the specimen’s width a/W = 0.5 was attained 
in order to introduce sufficiently sharp crack tip into the samples and to obtain valid results from the fracture 
toughness tests. The elastic unloading compliance technique was employed to measure the instantaneous crack length 
during the pre-cracking, as detailed in Section 3.1. Furthermore, specimens were side-grooved in order to promote 
straight fronted ductile crack growth during the test. According to the ASTM E1820, the total depth of the side-
groves is 0.25B, falling within the range 0.10B	�	�Bn	–	B	�	�	0.��	B.  
 
5. Influence of Plastic Pre-Compression and Tensile Creep Pre-Straining 
5.1 Fatigue Crack Growth Tests 
 
Figure 3 shows the variation of the crack length against the number of cycles for the performed FCG tests on the 
GCD material. Significantly different values of the crack incubation period and number of cycles at failure are 
shown, as also detailed in Table 2. After around 2000 cycles of crack incubation, specimen FCG – GCD1 failed at 
just under 16,000 cycles, reaching a final normalised crack length of 0.65. For specimen FCG – GCD3, the fatigue 
crack growth took just over 9000 cycles to initiate and specimen’s failure was reached after 28,318 cycles, 
corresponding to a normalised crack length of 0.7. All specimens exhibit an accelerated cracking towards the end of 
the test.  
The fatigue crack growth rate per cycle da/dN is correlated with the stress intensity factor range, ΔK, for the GCD 
material in Figure 4 for the test performed here on half-sized samples. These results are then compared to the results 
on standard sized C(T) samples on GCD and PC material in Figure 5. All GCD specimens exhibit a similar trend in 
the steady state Paris law region of the curve, which can be described by a power-law relationship. The fatigue crack 
growth rate data for the GCD material is also in good agreement with PC material. A power-law regression fit has 
been made for each data set within the linear steady state Paris law region (see Eqn (1)) and the constants obtained 
are given in Table 2. 
 
Table 2. FCG test results for the GCD material. Columns show the crack incubation period in cycles, the number of cycles at failure, the 
normalised initial and final crack length and the Paris law constants. 
Specimen Incubation Period [cycles] N [cycles] ao / W af / W C m 
FCG – GCD1 2065 15906 0.4 0.65 1.75�10-10 4.04 
FCG – GCD2 5415 23326 0.4 0.69 1.19�10-9 3.52 
FCG – GCD3 9133 28318 0.4 0.70 3.80�10-9 3.19 
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Figure 3. Variation of the normalised crack length against the number of cycles for the GCD material. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Fatigue crack growth rate per cycle correlated with the stress intensity factor range for the GCD material. 
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884 Marco Rocchini et al. / Procedia Structural Integrity 2 (2016) 879–886
6 M. Rocchini et al./ Structural Integrity Procedia  00 (2016) 000–000 
 
 
Figure 5. Fatigue crack growth rate per cycle against stress intensity factor range for GCD and PC material. 
 
5.2 Fracture Toughness Tests 
 
The fracture resistance curves obtained from the GCD samples are shown in Figure 6 and 7 depicts a comparison of 
the J vs Δa data for the GCD, AR, PC and LCD specimens. The fracture toughness values calculated for all the 
analysed samples are summarised in Table 3. In order to compare the results with GCD, AR and PC material, the R-
curves from the LCD specimens have been adjusted, as described in Mehmanparast A. (2012), to exclude the region 
influenced by extensive cracking but contained unbroken ligaments which were not valid considered in the JIC test. 
Similar trends are observed between the LCD and PC material, since the creep damage zone was largely excluded in 
the analysis. The GCD material shows an overall lower values of JIC, compared to all other samples.  This can be due 
to the creep deformation and damage effects in the GCD specimens, which may lead to a reduction in the tensile 
failure strain of the material. Furthermore, 8% plastic pre-compression increases the material’s yield stress and 
decreases its ductility, also contributing in the reduction in JIC.   
 
 
Table 3. Critical J integral values for GCD, AR, PC and LCD material. 
Specimen JIC  [MPam] 
JIC – GCD4 0.095 
JIC – GCD5 0.133 
JIC – AR1 0.440 
JIC – AR2 0.300 
JIC – PC1 0.190 
JIC – PC2 0.226 
JIC – LCD1 0.185 
JIC – LCD2 0.200 
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Figure 6. Fracture toughness resistance curves obtained from the GCD material. The black dots represent the critical value of the J integral. The 
dashed line represents the blunting line, plotted according to ISO 12135. The dashed line parallel to the x-axes represents the limit value of the J 
integral, evaluated according to ASTM E1820. 
 
Figure 7. Comparison between the obtained fracture toughness resistance curves from the GCD, AR, PC and LCD material. The black dots 
represent the critical value of J. The dashed line represents the blunting line, plotted according to ISO 12135. 
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dashed line represents the blunting line, plotted according to ISO 12135. The dashed line parallel to the x-axes represents the limit value of the J 
integral, evaluated according to ASTM E1820. 
 
Figure 7. Comparison between the obtained fracture toughness resistance curves from the GCD, AR, PC and LCD material. The black dots 
represent the critical value of J. The dashed line represents the blunting line, plotted according to ISO 12135. 
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6. Conclusion 
The influence of inelastic (plastic and creep) strain/damage on the subsequent fatigue crack growth FCG and fracture 
toughness behaviour of 316H stainless steel has been examined. Creep damage was globally introduced into a 8% 
pre-compressed 316H stainless steel. Half sized compact tension samples have been extracted to perform FCG and 
fracture toughness (JIC) tests at room temperature. The results have been compared to previously obtained data on this 
GCD material and from as-received, pre-compressed and locally creep damage material, all of which were performed 
on standard sized samples. The results have shown that the plastic pre-compression and tensile creep pre-strain have 
insignificant effects on the fatigue crack growth behaviour of the material at room temperature. However, inelastic 
deformation and damage has resulted in reduced fracture toughness, which is related to the reduction in tensile 
ductility of the pre-strained materials. 
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